We have developed perturbative expressions for the adiabatic potential for alkali-inert gas systems. The predictions of the model for the equilibrium separation Rm and the minimum potential em are in good agreement with the experimental values. The model provides a unified approach to the interaction potential which indicates a conformal structure for some groups, implying a useful relation between R m , em' and van der Waals constant C 6 •
I. INTRODUCTION
Alkali-inert gas systems are of considerable experimental and theoretical interest. For understanding their interactions, it is essential to have accurate interatomic potentials. As such, a great deal of effort has been directed towards understanding and developing these potentials.
A. A brief review
Experimental determination of alkali-inert gas potentials are generally based on using appropriate model potentials to describe various scattering experiments. Fairly reliable ground-st,ate potentials were obtained for Ar, Kr, Xe inert gases interacting with alkali atoms, by Buck and Pauly1 and later for Li interacting with He, Ne, Kr, and Xe, by Dehmer and Wharton. 2 Several other groups2-6 have deduced potentials for other systems or confirmed earlier results.
A large number of theoretical attempts have been made to deduce alkali-inert gas potentials, most of them based on pseudopotentials. For example, Baylis 7 used semiempirical, statistical pseudopotentials to calculate alkali-inert gas potentials which are reasonably good for K, Rb, and Xe but are poor for He and Ne. More recently, Czuchaj et al. s have used semilocal, i-dependent pseudopotentials to obtain adiabatic potentials for alkali-neon systems. Their results are particularly good for excited states. In most of these calculations, the loosely-bound electron of the alkali atom, interacts with the alkali ion and the inert-gas atom via empirical pseudopotentials.
B. An outline of our work
We analyze the interaction between alkali atoms and inert-gas atoms in the ground state in terms ofthe exchange perturbation theory. Here the attractive forces are provided mainly by the long-range, van der Waals terms, whereas the short-range repUlsion is provided by exchange effects. Such an approach is reasonable for the ground state in which the equilibrium separation between the atoms is quite large, but not for excited states in which the inert-gas atom is quite close to the alkali ion. Weare encouraged to pursue this approach since (a) quite accurate van der Waals coefficients are now available 9 • 10 for alkali-inert gas atom systems, (b) fairly reliable techniques have been developed 11.12 for evaluating short-range, exchange-Coulomb terms.
We consider the interaction energy as a sum of first and second-order terms in the exchange perturbation theory. The evaluation of the first-order terms requires the knowledge of one-and two-electron densities, particularly in the asymptotic domain for the alkali atoms. For these we use the wave functions of the valence electron in the alkali atoms, given by Bates and Damgaard. 13 These are appropriate since their two leading asymptotic terms conform to the general asymptotic requirements. We also modify the van der Waals terms by including suitable damping terms as discussed in Ref. 11 . Using the exchange Coulomb terms, and damped van derWaals terms, we obtain suitable expressions for alkaliinert gas potentials for the ground states. They allow us to calculate well depths and separation at minimum potentials for all 25 systems, which are in very good agreement with empirical values. We conclude with a critical discussion of the model, and its implications.
II. THE INTERACTION POTENTIAL
In this section we deduce the first-and second-order terms in the perturbation series for the interaction energy, using suitable expressions for electron densities.
A. Perturbative expression for E
The perturbation in the Hamiltonian for an alkali atom A and inert-gas atom B is
where R is the separation between the atoms, i electrons belong to A, j electrons belong to B, 
B. Electron densities
The evaluation of interaction energies requires the knowledge of electron densities and correlation functions. In particular, we need them in the asymptotic domain for the alkali atom.
The asymptotic behavior for the wave function of an alkali atom in the ground state is given byl4 13) which is consistent with Eq. (2.9). Furthermore, the normalization has been shown 15 to lead to accurate results for dipolar polarizabilities of alkali atoms. We can therefore write the correlation function for the electrons in an alkali atom as fA (r,r') = 2: ¢:(r)¢a (r') --+1fBD (r)1fBD (r') For the inert-gas atoms, the correlation function and the density have a much more complicated structure since there are eight electrons in the outermost shell, with different angular momenta. However, we will need only the general form of these quantities and we take (2.17) 
C. First-order interaction energy
The evaluation of the first-order interaction energy is greatly simplified by the observation that the electrons in the inert-gas atoms are much more tightly bound than the valence electron in the alkali atoms, so that a ~ b I' For evaluating the Coulomb energy (2.20) we use the representation Since P B ( r') is localized in a small region around r' = 0 we expand exp (zk'r') about r' = 0 to get
Since a~bl' for R ~ 1 we will generally include only the first few leading terms in Eq. (2.25) and usepA (R) given in Eq.
(2.15).
The first-order exchange term is much harder to evalu:.-ate. We start with the expression (2.26) where the factor of! comes from spin. This exchange term gives rise to the repulsion between the two atoms at short distances. Since fB (r',r -R) is localized mainly around small values ofr' and r-R, the important region of integration is where the valence electron is near the inert-gas atom B. Since the wave function of the valence electron varies rather slowly near B, it may be regarded as having I = 0 with respect to B. Therefore the exchange repulsion arises mainly from the I = 0 terms in fB (r' ,r -R). The corresponding contributions from I #0 terms are smaller and may, together with the Coulomb terms, provide rather small short-range contributions. This then will be our model: we will consider short-range terms arising only from the I = 0 terms. Though we are guided by the preceding qualitative argument in formulating this model, its ultimate validity is in terms of the agreement of its predictions with experimental observations. Using expressions in Eqs. (2.14) and (2.17) for fA and fB' we have 
(2.31 )
The important point to be noted in view of our earlier discussion is that the expectation values in Eq. (2.31) are to be taken for only the s-wave electrons in the inert-gas atom, major contribution to which comes from the s-wave electrons in the outermost shell. Good estimations have been obtained for these from relativistic Dirac-Fock calculations. 15 We will retain only the first three terms in the series expansion.
D. Van der Waals terms
The second-order interaction energy in Eq. (2.6) leads to the long-range van der Waals terms:
Quite reliable estimations are available 9 ,lo for the van der Waals coefficients. These terms require modifications for smaller values of R. Earlier ll we had suggested that the van der Waals coefficients be multiplied by damping factors . where a is defined in Eq. (2.10) and b is the corresponding value for the inert-gas atom,
Eb I being the first ionization energy of the inert-gas atom. These damping factors were found II to be quite useful for the description of inert-gas potentials.
III. RESULTS
In this section, we collect the different potential terms and discuss the consequences.
A. Adiabatic potential
The adiabatic potential for alkali-inert gas systems in the ground state is taken to be 
B. Numerical results
For the evaluation of the interaction energy, we have taken (rn) B for the s-wave electrons in the outermost shell of the inert-gas atoms, from relativistic Dirac-Fock calculationsY There are two compilations of van der Waals constants for alkali-inert gas systems, Refs. 9 and 10. While they are consistent with each other for Li, Na, K, and Rb, the values given in Ref. 10 are smaller by about 10% for Cs. We have taken the average values of the lower and upper bounds given in these sources. For Na, the upper bound given in Ref.
10 is rather poor. In this case we take the average value to bear the same ratio to the lower bound as for K.
The various values used for evaluating the adiabatic potentials are given in Tables I-V along with the input values   l5 of (rn) B for the s-wave electrons in the outermost shell.
The values of the interaction potential are presented in Tables I-V, for the scaled function   (3.2) where Rm is the position of the minimum potential Em'
C. Discussion
The calculated values of Em and Rm given in Tables I-V are seen to be in good agreement with the experimental values. These tables also contain the values for the scaled function W(R 1Rm) defined in Eq. (3.2), at several values of the scaled variable R IR m , which can be used to obtain the potential in the region of interest. It is interesting to observe that the scaled function W(R 1Rm) is approximately conformal for He (Table I) and Ne (Table II) interacting with different alkali atoms. The conformal property is observed for Ar, Kr, and Xe also but to a lesser extent, the variation for different alkali atoms being about 10%. This conformal structure implies that since the asymptotic behavior of the scaled functions is the same for a given inert-gas atom interacting with different alkali atoms, one has systems and are indeed found to vary by less than 5% from the average value for a given inert-gas atom. where k6 depends only on the inert gas. The values of the dimensionless constant k6 are given in Table VI give three values for em (one of them is given in our Table I ) which differ by about 35% from the mean value. Furthermore, the semiempirical and ab initio calculations also differ quite significantly,rangingfrom -1.18Xl0-s inRef.l6,to -4.8XlO- Coming to the uncertainties in the inputs of our model, it is obvious that the predictions are sensitive to the values of the van der Waals coefficients C 6 and C s . Fortunately, the values given in Refs. 9 and 10 are quite accurate, which allow us to be confident about the asymptotic part of our potential. We have not included higher order van der Waals terms, which are smaller than the leading terms in the region under consideration but which may not be negligible. Again, we have considered only the leading order short-range exchange-Coulomb terms. The higher order terms are expected to be smaller in the region under consideration, but may not be negligible. We also note that in order to get a compact, analytic expression for the short-range exchange-Coulomb terms, we have carried out an expansion essentially in pow- ers of (b /a)2Ieading to Eq. (2.31). Now (b /a)2 <0.44, so that the higher order terms neglected in this expression are smaller. We have estimated that this expression is correct to about 15% which is acceptable at the level of approximation involved in estimating other terms. Finally, the most significant point of our model is that we have considered only the contributions of s-wave electrons in the inert-gas atoms to the short-range interaction. Of course, in the case of He this is not an approximation. But what is surprising is that the same expression provides a satisfactory potential for other inert-gas atoms as well. While we have given some qualitative arguments as to why the contributions of 11'0 electrons may be small, that it is so much smaller than the contribution of s-wave electrons is unexpected. In a sense one may regard this as an empirical result. Overall, though the analysis is based on several theoretical assumptions which are notjustified with sufficient rigor, at the least, it provides a useful empirical representation of the potential with no free parameters. It is also worth mentioning that the approach based on the short-range exchange-Coulomb interaction, and the long-range van der Waals interaction has been found 11 to be very accurate for describing inert gas-inert gas potentials. However, for the inert gas-inert gas system, since the outer electrons for both the atoms have similar wave functions, it is possible to obtain fairly reliable expressions II for the shortrange exchange-Coulomb interaction.
In conclusion, the model with long-range, damped van der Waals interaction and short-range exchange-Coulomb interaction of s-wave electrons in the inert-gas atoms with the valence electron in alkali atoms, provides a unified description of the adiabatic potential for alkali-inert gas systems in the ground state. In addition to making reliable predictions for the equilibrium separation Rm and the
